a Nanostructured semiconducting oxides have been used as resistive gas sensors of toxic and non-toxic gases, but little emphasis has been placed on ozone sensing. Here we present a new ozone gas sensor based on hierarchical NiCo 2 O 4 cubic structures synthesized via a facile urea-assisted co-precipitation method and annealed at 450 C, which showed a low detection level. Ozone detection was carried out through electrical measurements with an optimized performance at 200 C, with fast response ($32 s) and recovery ($60 s) time with suitable concentration range (from 28 to 165 ppb) for technological applications. Furthermore, NiCO 2 O 4 platelets are selective to ozone compared to other oxidizing and reducing gases. The low detection level can be attributed to the coexistence of 3D structures based on hexagonal platelet-like and porous flower-like shape, which were revealed by field emission scanning electron microscopy (FE-SEM). In summary, NiCo 2 O 4 is promising for detection of sub-ppb levels of ozone gas.
Introduction
Metal semiconducting oxides (MSO) have been used in various applications such as gas sensors, UV light emitting diodes, dyesensitized solar cells, and industrial nanodevices.
1,2 MSO are advantageous as sensing materials mainly because they are inexpensive, chemically stable, easily processible, yield mass production, and possess a Debye length corresponding to the target molecules. 3, 4 Indeed, various researchers have demonstrated the technological potential of MSO as gas sensing materials, including ZnO, 5, 6 13 Among the many gases to be investigated is ozone (O 3 ), which is an oxidizing gas used in drinking-water treatment and microelectronic cleaning processes. 6, [14] [15] [16] The monitoring of ozone levels is important owing to its potential risk to public health and environment, as it may damage the respiratory system with a decrease in lung function, inam-mation of airways and pain. 17 Exposure to ozone levels above 120 ppb for long times is not recommendable for humans; 18 therefore, the continuous monitoring of ozone levels is essential. 19 Ozone gas sensors have been based on ZnO, Ternary metal oxides can be even more useful owing to synergy in properties achieved by combining distinct compounds. Nickel cobalt oxide (NiCo 2 O 4 ) has such outstanding properties as high electrical conductivity, good structural stability, easy electrolyte penetration and high electrochemical activity. 25 The preparation of NiCo 2 O 4 has been accomplished using different routes, including solvothermal, 26 co-precipitation 27 and hydrothermal. 28 These methods allow NiCo 2 O 4 to be obtained in a variety of shapes, including owers, nanowires, nanoarrays, nanorods, and hollow microspheres.
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Furthermore, this compound has been used in supercapacitors, electrocatalysts, and Li-ion batteries.
30-32 NiCo 2 O 4 has also been used to detect reducing gases, e.g. ethanol, chlorine, carbon monoxide. 25, 33, 34 In this study, we report an approach for obtaining NiCo 2 O 4 hexagonal platelets via a simple and cost-effective urea-assisted co-precipitation method, which are then applied as ozone gas sensors. The co-precipitation method is advantageous for its low processing temperature, high purity, low cost, and controlled morphology compared with most conventional methods. X-ray diffraction and eld emission scanning electron microscopy were used to investigate the structural and microstructural properties of NiCo 2 O 4 hexagonal platelets. Gas sensing experiments were performed at different working temperatures towards ozone, nitrogen dioxide, and ammonia gas. Impedance spectroscopy measurements were also performed for supporting the ozone gas sensing mechanism of NiCo 2 O 4 hexagonal platelets.
Experimental

Synthesis of NiCo 2 O 4 hexagonal platelets
The synthesis of NiCo 2 O 4 was accomplished using the ureaassisted co-precipitation method. 35 To prepare NiCo 2 O 4 hexagonal platelets, 10 mM of NiCl 2 $6H 2 O (99.5% Aldrich), 20 mM of CoCl 2 $6H 2 O (99.95% Aldrich) and 100 mM urea (98% Aldrich) were dissolved in 100 mL deionized (DI) water, and le under vigorous stirring for 30 min to form a clear pink color solution. This homogeneous solution was transferred to a glass container, which was kept in an oil bath and maintained for 10 h at 90 C, followed by cooling to room temperature. The substrates were then heated to 80 C for 10 min to evaporate the solvent, followed by calcinations at 350 C for 2 h in an electric furnace in air to stabilize the sample before the gas sensing measurements were performed. The electrical contact and sensor lm illustration mentioned in Fig. 1 . The sensor sample was inserted into a test chamber for temperature control under different ozone concentrations. The sensor operating temperature (T opt. ), which varied from 150 C to 300 C, was maintained by external heating. The dc voltage applied was 1 V while the electrical resistance was measured using a Keithley (model 6514) electrometer. Dry air was used as both the reference and the carrier gas for all gases, maintaining a constant total ow of 500 sccm via mass ow controllers. The ozone gas was formed by oxidation of oxygen molecules of dry air (500 sccm) with a pen-ray UV lamp (UVP, model P/N 90-0004-01), which was calibrated using a gas toxic detector (ATI, model F12) for an O 3 level between 28 and 560 ppb (parts-per-billion).
The dry air containing ozone was blown directly onto the sensor placed on a heated holder. Nitrogen dioxide (NO 2 ) and ammonia (NH 3 ) gas sensing measurements were performed under concentrations varying from 1 to 1000 ppm (parts-permillion). A photograph of the chamber used for gas-sensing experiments is shown in ref. 24 . The sensor response (%) was calculated using eqn (1)
where, R g and R a are the electrical resistances of the sensor exposed to target gases and dry air, respectively. The response time was dened as the time required for a change in the sample's electrical resistance to reach 90% of the initial value when exposed to the target gas. Similarly, the recovery time was dened as the time required for the electrical resistance of the sensor to return to 90% of the initial value aer the target gas has been turned off. During the measurements, the humidity was kept within the range 30-50% RH (Termo-Higrometro mod.HT-700). Impedance spectroscopy data were obtained with the NiCo 2 O 4 lm using an impedance/gain-phase analyzer (Solartron SI 1260) in the frequency range from 1 Hz to 1 MHz at an operating temperature of 200 C. Fig. 3(a and b) , where two types of shapes can be seen, viz. 7-8 mm hexagonal platelets and nanoowers attached on these platelets. Fig. S3 desorption data and calculated from the isotherm using the Barrett-Joyner-Halenda (BJH) model (inset in Fig. 4) , indicates a pore diameter ranging from 5 to 81 nm, with an average of 15 nm.
Results and discussion
Structural and microstructural characterizations
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This hierarchical structure is benecial to the sensing material because the target molecule gas easily penetrate into the pores, thus leading to a larger analyte/sample contact area and providing interconnected paths that facilitate electron transport and accelerate species diffusion.
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In order to understand the weight loss with the temperature during the annealing process, and to determine the annealing temperature of the sample, TGA curve in air was obtained in Fig. S4 
Gas sensing properties
The electrical response of the NiCo 2 O 4 sample was investigated at a xed operating temperature under the exposure of 560 ppb of ozone gas for 1 min exposure time. Fig. 5 shows that the best sensor response was obtained at 200 C, which is close to that for traditional gas sensors. 7, 13, 45, 46 The electrical response of the NiCo 2 O 4 sample was investigated at a xed operating Fig. S5 , † the sample was sensitive to ozone gas even for the shortest exposure time, with no evidence of saturation upon increasing the time. Additionally, we emphasize that with NiCo 2 O 4 platelets we could detect the same amount of ozone gas, i.e. 80 ppb, at lower temperatures, even at room temperature. However, the recovery time was too long or could even not be reached, as displayed in Fig. S6 -S12 in the ESI. † For the remaining experiments, we used the optimized temperature of 200 C. Fig. 6 shows that the NiCo 2 O 4 sensor displayed good sensor response in the 28-165 ppb range, with total reversibility and good reproducibility for different ozone levels. As displayed in Fig. S13 , † for each measurement cycle, the sample was exposed for 1 min with different ozone concentration which indicating a stable and reproducible response. The resistance of the sample decreased upon exposure to the oxidizing gas, indicating a p-type semiconductor behavior. In addition, the response time varied from 32 s (28 ppb) to 48 s (165 ppb), while the recovery time varied from 1 min (28 ppb) to 6.5 min (165 ppb). Fig. 7(a) shows the sensor response for NiCo 2 O 4 platelets as a function of ozone concentrations. The response and recovery time is one of the important parameters for toxic gas sensor applications. The response and recovery time as a function of ozone concentrations shows in Fig. 7(b) , it can be seen that the response time increases with increasing ozone concentration. The response time increases from 32 to 48 s while recovery time also increases from 1 to 6.5 min as the concentration increases from 28 to 165 ppb. However at low concentration, more ozone molecules easily interact with adsorbed oxygen ions providing a fast response compared to higher concentration. 47 In order to verify the selectivity of the sensing materials, the NiCo 2 O 4 sample was also exposed at 200 C to NH 3 and NO 2 , with the results being shown in Fig. S14 and S15 † respectively, while Fig. 8 compares the result for these gases with those of higher ozone concentrations. For the reducing NH 3, the resistance increased slightly whereas for the oxidizing NO 2 the resistance decreased, as expected. The magnitude of these changes in resistance is much smaller than for ozone, thus conrming that ozone can be detected in a selective manner using NiCo 2 O 4 platelets. Table 1 shows a comparison of parameters for ozone sensing with NiCo 2 O 4 with traditional ozone gas sensors, including ZnO, WO 3 , SnO 2 , and In 2 O 3 . To our knowledge, the sensor reported here could detect the lowest level of ozone for the temperature with optimized performance.
Impedance spectroscopy of NiCo 2 O 4 hexagonal platelets
The interaction between NiCo 2 O 4 sensing material and ozone gas was further investigated using impedance spectroscopy measurements, which may provide information about the different contributions to the sensor response. Fig. 9 shows the Nyquist plots for the NiCo 2 O 4 lm exposed to an air atmosphere, and then to 80 ppb ozone. In both cases, perfect single semicircles are observed from the low to the high-frequency region. These curves were tted with an equivalent circuit comprising a resistance (R 0 ) connected in series with a parallel resistor (R 1 )-capacitor (C 1 ) block, as shown in the gure inset. There was good agreement between experimental data and simulated curves using the electrical parameters given in Table 2 . As for the physical signicance of these components, R 0 remained unchanged with exposure to either air or ozone atmosphere, and should be attributed to the low resistance effect coming from the conductive-like bulk material. R 1 and C 1 are the respective interfacial resistance and capacitance between NiCo 2 O 4 grains, to be understood here as the particleto-particle contacts, according to the criteria of magnitude order of capacitance.
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Upon exposure to ozone, R 1 decreased while C 1 increased. The interaction of ozone molecules with the sensing material generates lone-pair electrons trapped on the NiCo 2 O 4 surface, which leads to a holeaccumulating layer. This behavior implied in a reduction of the electrical resistance, and an increase in capacitance of the NiCo 2 O 4 compound. [54] [55] [56] These ndings will support the gas sensing mechanism proposed for the NiCo 2 O 4 compound below.
Gas sensing mechanism of NiCo 2 O 4 hexagonal platelets
The results above can be rationalized according to the following gas sensing mechanism for NiCo 2 O 4 . Under ambient conditions, oxygen from air is adsorbed on NiCo 2 O 4 , with surface states thus being created. 54, 57 These surface states allow electrons to be excited from the valence band, and therefore additional holes are induced in the p-type NiCo 2 O 4 grains.
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Detection of oxidizing gases on a p-type sensor material is known to arise from surface adsorption of gas molecules, which leads to a hole accumulation layer (HAL) near the surface because of electrostatic interaction between oppositely charged Fig. 9 Impedance spectra of the fresh and ozone exposed NiCo 2 O 4 film measured at 200 C. The blue and red colour lines represent the fitting of the spectra using an equivalent circuit. Table 2 Impedance parameters for a NiCo 2 O 4 film in the absence, and presence of 80 ppb ozone, from fitting the experimental curves with the equivalent circuit 
When exposed to oxidizing ozone (O 3 ), the NiCo 2 O 4 surface is covered with adsorbed ozone molecules acting as acceptors, as depicted in Fig. 10(b) . This surface trapping of lone-pair of electrons causes band bending, with free holes and increase in hole concentration near the interface. It is the hole accumulated layer that decreases the resistance of NiCo 2 O 4 . The gas sensor response of NiCo 2 O 4 lm for oxidizing gas (O 3 ) can be explained by eqn (6) . 60 The reactions between reductive molecules and preadsorbed O À release free electrons and neutralize the holes, which are the majority carriers in p-type NiCo 2 O 4 , as shown in eqn (7) .
Then, for p-type semiconductors, oxygen adsorption produces an increase in the number of holes in the valence band, which increases conductivity. Note that thermal energy is needed for the reaction between ozone gas molecules and surface adsorbed oxygen species. With increasing temperature, the surface reaction is thermally activated, causing a large decrease in the resistance, which means enhanced response, until saturation occurs and increasing temperature no longer brings increased performance.
Conclusion
NiCo 2 O 4 synthesized in one-step approach with a urea-assisted co-precipitation method has been proven excellent for ozone detection with both dc and ac electrical measurements. A low detection level of 28 ppb was achieved at the temperature with optimized performance, below the values in the recent literature. 34, 62, 63 The range for detection was from 28-165 ppb, with good sensitivity, selectivity and fast response ($32 s) and recovery time ($60 s). The mechanism of detection was found to be based on adsorption of ozone molecules on the NiCo 2 O 4 surface, which creates a layer of holes that affect the conductivity, as in a p-type semiconductor. The results presented here already demonstrate that NiCo 2 O 4 is promising for monitoring the environment, and further optimization in ozone sensing may be achieved by analyzing their magnetic and electrical properties, and long-term stability, in addition to the possible use for other reducing and oxidizing gases. In particular, sensitivity can be further enhanced, even reaching sub ppb levels, by varying crystal shapes with tuning by varying parameters such as reaction time and temperature, pH value, solvent type and concentration, in addition to the use of a catalyst. 
